To improve heat and ablation rate modeling of the thermal protection system for reentry vehicles, a material response model with surface ablation and pyrolysis is developed. To accurately model the effects of the pyrolysis gas within the ablator, Darcy's law is replaced by Forchheimer's law for flow through porous media. The use of Forchheimer's law accounts for the inertial effects of the gas and removes any dependency on microscopic parameters, such as pore size. To characterize the flow, the Forchheimer number is proposed because it depends only on macroscopic quantities. To verify and validate the model, comparisons to experimental data and to prior computational results are presented. Applying Ergun's equation to evaluate the inertial parameter of the Forchheimer number, a simple test case is run. For the case of a generic carbon-phenolic ablator subjected to a typical reentry trajectory, conditions for non-Darcian behavior are investigated by way of a parametric study. Finally, the necessary conditions required for gas kinetic energy to be relevant are highlighted. 
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To improve heat and ablation rate modeling of the thermal protection system for reentry vehicles, a material response model with surface ablation and pyrolysis is developed. To accurately model the effects of the pyrolysis gas within the ablator, Darcy's law is replaced by Forchheimer's law for flow through porous media. The use of Forchheimer's law accounts for the inertial effects of the gas and removes any dependency on microscopic parameters, such as pore size. To characterize the flow, the Forchheimer number is proposed because it depends only on macroscopic quantities. To verify and validate the model, comparisons to experimental data and to prior computational results are presented. Applying Ergun's equation to evaluate the inertial parameter of the Forchheimer number, a simple test case is run. For the case of a generic carbon-phenolic ablator subjected to a typical reentry trajectory, conditions for non-Darcian behavior are investigated by way of a parametric study. Finally, the necessary conditions required for gas kinetic energy to be relevant are highlighted. T HE thermal protection system (TPS) of a reentry vehicle is one of the key components of its design. The material used for the TPS can be classified into two main categories: ablative materials, as in the one used on the Apollo missions, and nonablative materials, such as the ceramic tiles used on the space shuttle. The former can also be divided into two subcategories: charring (also know as pyrolyzing) and noncharring ablators. The theory behind the use of ablators is quite simple: the energy absorbed by the removal of material from the surface is not used to heat the TPS, thus keeping the vehicle at a reasonably "cold" temperature. In the case of charring ablators, the main ablative material is a resin which fills the pores of a carbon matrix. Although the matrix may ablate, it usually does not, thus preserving the original geometry of the aerodynamic surface during reentry.
To correctly model the pyrolysis process, the gas generated from resin vaporization must be properly taken into account. Because this gas is expelled into the outer flow boundary layer, its effects are important in many aspects of reentry modeling, such as surface ablation, blowing effects in the boundary layer, chemical reactions with the surface, heat load, etc. The pressure of the gas within the ablator is also an important factor to take into account; if the pressure is too high, chunks of the ablator may "explode" without absorbing the expected amount of heat. This process, called spallation (or delamination if caused by crack formation), may cause unwanted surface modifications and faster surface ablation than anticipated, and thus may lead to the failure of the TPS.
In an attempt to improve the modeling of heat transfer and ablation on hypersonic vehicles, such as reentry capsules, the present study outlines different aspects of the importance of pyrolysis gas modeling. To do so, a thermal response code, named MOPAR (modeling of pyrolysis and ablation response), is developed. First the governing equations describing the phenomena are presented; using realistic reentry conditions, the model is compared to published results from other thermal response codes and is assessed against experimental data. Using a reentry trajectory test case, the contribution of the kinetic energy is outlined, and conditions where this contribution may be relevant are discussed. For the same test case, evidence of a non-Darcian flow regime is shown, and the use of the Forchheimer number to categorize the flow type is proposed.
II. MOPAR: A Material Response Code

A. Governing Equations and Numerical Scheme
The material response model implementation presented here is developed using the same methodology as the code created at Sandia National Laboratories [1] [2] [3] [4] . The code uses the control volume finite element method to model surface ablation with wall recession, as well as inner decomposition and pyrolysis gas behavior. The model is described by the following four governing equations:
Mixture energy equation:
Solid phase equation:
Gas-phase continuity equation:
Momentum equation:
The first two equations are solved implicitly on an arbitrary contracting grid using Landau coordinates. Newton's method for nonlinear systems is used to solve both equations sequentially. The third equation is straightforward and does not need to be solved numerically. The final equation is averaged to Darcy's law:
or Forchheimer's law:
These two equations describe the fluid flow through a porous medium; they both can be explicitly solved for v g and directly integrated in the gas-phase continuity equation. The complete numerical treatment, as well as numerical validations, is described in greater detail in [2] [3] [4] . In addition to the improvement discussed in this paper, the present code also takes into account different coordinate systems (cylindrical and spherical), and allows ablation on both sides of the domain, using a new tridiagonal solver [5] .
B. Model Validation
All the numerical validations presented in [2] [3] [4] are performed successfully on the code (grid refinement studies, nonlinear convergence studies, boundary conditions verifications, and timing studies). Doing so insures that MOPAR is coded properly and that the expected convergence behavior is achieved (second order in space and first order in time). Because these results are exactly the same as those published in the literature, and because they serve no purpose in the context of this paper, they are omitted here. Two other validations are, however, presented: they demonstrate the validity of the code as a model.
Code-to-Code Comparison
The first validation compares the present code to the one developed at Sandia National Laboratories [1] [2] [3] [4] , which was extensively compared to the old charring materials ablation (CMA) code [6] as well as Sandia's one-dimensional direct and inverse thermal (SODDIT) code [7] . The simulation is performed using solid and gas properties given in [2] . The reentry conditions used on the ablative surface, shown in Fig. 1 , are also exactly those presented in [2] , and were generated using a series of reentry codes at Sandia National Laboratories (2IT [8] , SANDIAC [9, 10] , and HIBLARG [11] ). The discontinuities in the quantities are caused by the numerical scheme used to model the transition to turbulence. For this particular comparison, hot wall and blowing corrections are not applied to the incident aeroheating flux; thermal-radiation cooling is also omitted. The thermochemical table used to interpolate the rates of ablation is generated using ACE-SNL [12] , and is identical to the one presented in [2] . The calculations are performed on a 75 element logarithmic grid, with a 1.05 progression, over a 1.27 cm domain, using a time step of 0.2 s. Figure 2 presents the comparison of results for surface temperature and surface recession for a carbon/phenolic ablator, and surface temperature and recession rate for a carbon/carbon ablator. As expected, the plotted quantities from both simulations agree well (the highest discrepancies are less than 8% on temperature and less than 1% on the surface recession for carbon/phenolic; the results are essentially identical for carbon/carbon, with less than 1% of errors everywhere). The very small discrepancies are due to a different method used to interpolate the material properties of the ablator.
Experimental Results
The second validation presented here compares the code to two experiments [13] . For these test cases, a 1.27-cm-thick carbonphenolic material was exposed to an air arcjet flow for which the parameters are listed in Table 1 . The calculations are performed on a 150 element logarithmic grid, with a 1.01 progression, using a constant time marching of 0.1 s. A blowing correction as well as a hot wall correction is applied to the incident heat flux. The properties used in this simulation are the same as those given in [13] . However, because this reference only gives the pyrolysis gas specific heat at constant pressure, the values of the molar mass, enthalpy, both specific heats, and viscosity from [14] are used instead. Finally, the porosity and the permeability K of the test piece are taken from [2] , as is the generic thermochemical carbon-phenolic ablation table.
The graphs of Fig. 3 show the results for surface and back temperature, surface recession, and pyrolysis front recession. Comparisons are included to both the experimental and numerical results published by Sutton [13] . For both test cases, the computer predictions obtained with the present model are considered within the acceptable ranges of the experimental results.
Because the exact method used to experimentally measure the pyrolysis front is not described, a value of 50% of the resin initial density is chosen as the approximation of the char/virgin interface. This choice is justified by the fact that the pyrolysis front is quite steep, as illustrated in Fig. 4 , and that Arrhenius-type relations are used to describe the chemical decomposition, therefore ruling out using 0% as a criterion. As mentioned in [13] , the discrepancy between the simulation and the experimental results, as far as the recession rates are concerned, is caused by the fact that the cool-down period is not taken into account. As in [13] , it was observed that in both cases, the pyrolysis front keeps moving, reaching the back surface at approximatively 75 s for the first test case, and 42 s for the second one. In reality, the test pieces were quenched by argon right after the arcjet exposure, in an attempt to stop the chemistry as soon as possible. Because no exact description of the process is available, it is not possible to produce an accurate cool-down model.
The discrepancy for the surface ablation front is, obviously, not caused by the cool down because ablation immediately stops after exposure, and the simulations overpredict the distance. The difference can be attributed to two reasons: first, the empirical thermochemical tables used are not generated for the specific carbonphenolic material of the experiment (Narmco 4028). Also, thermal expansion of the test pieces was observed and is not included in the present model. Depending on the type of material, as well as the fiber orientation, this process may not necessarily be reversible, thus causing variations in the thickness that could potentially affect the ablation front measurements.
In addition to the reasons just described, the discrepancies could be explained by the omission of other physical phenomena in the model: carbon fiber orientation, delamination (crack formation), and spallation (mechanical ablation). All of these effects can lead to significant differences in the results. The difference in results can also be attributed to the generic carbon-phenolic thermochemical table, as well as a slightly different pyrolysis gas. Finally, the experimental uncertainties for these test cases are unknown, meaning that the appreciation of the results cannot be assessed. Because of all of these factors, the presented numerical results are considered to agree fairly well with the experimental data.
C. Kinetic Energy
For the governing equations to be more rigorous, the kinetic energy should be included in the mixture energy equation, Eq. (1). Kinetic energy is added in the time-dependent energy content term (first term), the gas flux term (second term), and the grid convection term (fourth term). The contributions in the control volume are as follows:
Energy content term:
Gas flux term
Grid convection term
In the reentry test case described in the previous section, the addition of these terms has little to no effect on the final results, thus validating their omission in most thermal response codes (CMA [6] , Sandia National Laboratories [3] , FIAT [15] ; however SCMA [16] , in its latest version, uses these contributions). As seen in Fig. 5 , the difference between the kinetic terms and the other terms is several orders of magnitude. It is to be noted that depending on the charring material used, these effects may start to appear. A material with a very high rate of decomposition, as well as high porosity, may lead to higher gas velocity. With a simple correlation using, for instance, the velocity shown in Fig. 8d , it is possible to estimate that a gas velocity of the order of 100 m=s (i.e., an increase of 2 orders of magnitude) would result in the contributions shown in Fig. 5b to register in Fig. 5a . In other works, either Darcy's law [3] or Forchheimer's law [6, 16] is used to calculate the velocity of the gas within the ablator. The decision to use one law or the other is usually linked to the Reynolds number. As pointed out in [17] , there is enormous disagreement on the conditions where a flow is not described by Darcy's equation, mainly because the characteristic length is difficult to measure or evaluate. The two main lengths used in the literature are the pore length and the particle size. However, because both of these quantities are defined on the microscopic scale, it is inappropriate to use them to model macroscopic effects without a careful averaging based on the exact structure of the material. For instance, these quantities do not take into account the state of the porosity of the material, more specifically the tortuosity (how convoluted are the channels or pores) and the closed porosity (unconnected "bubble"). They also cannot account for the fact that the gas flow may be subject to recirculation zones. Therefore, simply using the pore size to evaluate the flow type does not account for these phenomena.
To address this problem, a modified formulation of Forchheimer's law was proposed [18] . In Cartesian coordinates, this equation is
where Fo, the Forchheimer number, is given by
This number indicates when microscopic effects (pore size) are perceivable at a macroscopic (geometry size) level. In this formulation, it is easy to see that when Current work Sutton experiment [15] Sutton numerical [15] f) Surface ablation and pyrolysis front for test-case 2 Fig. 3 Comparisons of the present code to experimental results.
One can also obtain the same results by simply dimensionalizing the momentum equation, replacing the spatial derivative by the inverse of the square root of the permeability K and the velocity by the superficial velocity v 0 g . The main obstacle in using Forchheimer's law is a lack of knowledge of parameter ; over the years, many attempts to characterize this parameter have been made. In 1952, Ergun [20] used this formulation to model a flow through a packed bed, linking K and to the porosity and the characteristic diameter of the particles D, by rewriting Eq. (6) as
Because this model has been demonstrated as inadequate in many applications, many attempts were made to adapt this formulation by changing the definition of the characteristic diameter D (using pore size, for instance) [21, 22] , with limited success. This can be explained by the fact that a macroscopic quantity is being linked to a microscopic quantity. Nevertheless, it is still possible to use the equation in another fashion. By comparing Eqs. (6) and (13), it can be assumed that
and Ergun's formulation can therefore be written as
which gives a definition of the parameter:
Equation (14) is of interest because it does not require a microscopic parameter (D), and only relies on the macroscopic parameter K. This approach can therefore give a reasonable approximation for . Using the generic carbon-phenolic values employed in the previous test case, taken from [2] , it is possible to evaluate : those values are presented in Table 2 . It is also interesting to note that if is defined by Eq. (15), the Forchheimer number becomes
which is the Reynolds number defined with a characteristic length of K p and multiplied by K . Considering that Forchheimer's law can be derived by nondimensionalizing the momentum equation using (Tables 4 and 5) , both values are of the same order of magnitude; some of them are even within the experimental uncertainty. However, for dissimilar materials, such as the ones presented in Table 3 , the discrepancy is 2 orders of magnitude. At this point, it is difficult to say if that difference is due to the small porosity value or to the type of porosity (heavy tortuosity and closed porosity) of such materials.
Ahn et al. in [16] obtained K 1:222 for carbon phenolic using the empirical model devised by Ward [24] , which simply removes the direct dependency on the pore size by setting a constant value for K . Ward tabulated this parameter for multiple types of granular material (sand, glass beads, gravel, and granular coal), and used water as the fluid. Because this type of solid material does not include the concept of closed porosity and tortuosity, and that water behaves very differently than pyrolysis gas, it is hard to adapt that methodology to a carbon-phenolic material. Nevertheless, the value proposed by [16] is of the same order of magnitude as the value obtained using Ergun's equation (Table 2) .
Even though the modified Ergun approach can give estimates of and K , an experimental approach would give better results. An effective value could be obtained using the setup and method presented in [17] . With this methodology, already published experimental data [25, 26] could easily be employed to calculate for two frequently used charring ablators, the phenolic impregnated carbon ablator (PICA) and the silicone impregnated reusable ceramic ablator (SIRCA). However, other experimental values, notably the length of the test pieces and pressure at both ends, would have to be known.
Finally, it is also important to point out that the deviation from Darcy's law presented in [25] , the so-called Klinkenberg model, is not in any way related to the effects contained in Forchheimer's law. Although the latter takes into account high velocity effects and the type of porosity, the former models the slip-flow behavior of the gas within porous media. The relation used to calculate permeability with Klinkenberg effects is
In this equation, permeability coefficient b is a function of the gas composition, unlike K 0 , the permeability in the no-slip regime, which is only material dependent. It is also to be noted that both these parameters are also found experimentally, and are therefore effective values, essentially valid for the conditions of the experiment.
Effects of
To assess the influence of using Forchheimer's law instead of Darcy's, a study is performed using the test case presented in Sec. II.B. First, the simulation is run using a constant value of K 1:222, as suggested in [16] ; the resulting values for the Forchheimer number are presented in Fig. 6a . The same test case is also run using Eq. (15) inserting this value in Eq. (10), it can be seen that the effects, although small, are not necessarily negligible. From these figures, we can also see that approximating K to a constant value, based on the charred properties is not a bad assumption because , as can be seen in Fig. 7a , where the degree of char is presented, the pyrolysis region occurs in a very narrow region (the so-called pyrolysis front). Therefore, most of the region of interest, i.e., where pyrolysis gas is present and has an appreciable velocity, is where the material is completely charred: this is illustrated in Fig. 7b by presenting the values of K at various times during the simulation. From these results, it is safe to conclude that in thermodynamic conditions where pyrolysis occurs over a very narrow distance, a constant value of , based on experimental measurements of a completely charred specimen, would be satisfactory.
Parametric Study
Although many studies have been performed [27] [28] [29] on the behavior of pyrolysis gas, none account for the possibility of being a significant factor. A simple parametric study allows one to see that even though there is little to no effect on the temperature of the material, other quantities such as velocity, density and, obviously, pressure are greatly affected. The graphs of Fig. 8 show the behavior of the pyrolysis gas at the 30 s reentry point of the generic trajectory used in the previous section. It can clearly be seen that as soon as the Forchheimer number becomes greater than 1 ( K 10), notable effects appear (the lines no longer overlapping each other). Given that spallation has been observed [13] in many materials considered for reentry systems, it is therefore important to take these effects into account. It is clear that such a high pressure zone as the one that appears near the wall-flow boundary will cause spallation. That being said, however, large K is, there is no discernible change in the temperature. This is easily explained by the fact that the model assumes that the gas and the solid are in equilibrium, and that, as demonstrated in Sec. II.C, the kinetic energy has little influence on the energy contribution.
III. Conclusions
To improve heat and ablation rate modeling on reentry vehicles, a one-dimensional material response model that includes pyrolysis and surface ablation has been presented. The code was extensively verified, and has been successfully compared to experimental data, as well as with a similar code. The new developments provide a more precise analysis of the contribution of the pyrolysis gas to the behavior of the TPS. More specifically, the use of the Forchheimer number as an indicator of non-Darcian flow behavior, instead of the average pore-size Reynolds number, has been highlighted. The use of that parameter removes the dependency on microscopic properties and allows the macroscopic properties of the TPS material, such as closed porosity and tortuosity, to be taken into account. Using Ergun's equation, a simple way to calculate the Forchheimer number was presented, and a simple test case was modeled using that value. Finally, to evaluate the effects of that parameter on the thermodynamics properties, a parametric study using a simple reentry trajectory with a generic carbon-phenolic ablator, and the conditions necessary to observe a non-Darcian flow were described. Even though the inclusion of the new model does not significantly affect the temperature, the variations in inner pressure observed might lead to other phenomena, such as spallation.
